Abstract-This paper presents a dynamic droop load sharing scheme based on the available generation capacity of the distributed generation (DG) units. Since conventional droop schemes share loads proportional to units' ratings, they suffer from the inability to maintain an efficient operating point when their input renewable power varies, without imposing their new operating point on other connected DGs in the microgrid. This problem is mainly due to the insensitivity of the droop scheme to the varying nature of the renewable resources used, including wind and solar photovoltaic (PV). A control method is proposed for PV systems; however, it is applicable for all types of droop-controlled renewable DG. A stability analysis of the proposed scheme on DG units is also presented to identify theoretical and practical limits. The proposed scheme identifies the dc operating zone of the inverter-based source as irradiance level changes and conditions the droop parameters appropriately for an efficient load sharing based on available generation, while the rating of each unit is also taken into account. The proposed scheme provides energy saving, since energy demand from a local auxiliary generator is reduced. The proposed method is validated using MATLAB/SIMULINK simulations.
I. INTRODUCTION

D
ISTRIBUTED generation (DG) is a term commonly used to describe small renewable power generators and storage facilities that are located as close as possible to users. DG continues to gain numerous applications in modern day power system engineering-it flourishes from the fact that advancement in distributed energy technologies enhances the further implementation of distributed generation systems (DGS) on the grid/microgrid networks [1] - [3] . Rapidly growing technologies and enhanced penetration of DGs aids their potential to provide local energy as well as more advanced ancillary services to the national grid (NG) including operating reserves, spinning reserve, frequency and voltage regulation [4] .
One of the main challenges facing the use of renewable energy sources globally is how they can be efficiently interfaced with the existing NG. The NG was designed for a centralized distribution model characterized by large fossil-fuelled thermal power plants at the centre and a one way directional flow of electrical energy from high to low voltage at the point of use. Renewable generation requires a DG model where the grid can accept generation from any point in the transmission or distribution network without causing technical issues for the equipment used to control it or cause supply issues due to the large amount of intermittent generation encountered with wind and solar [5] . An intermediate solution to the problem highlighted above is the concept of the microgrid-an interactive customer friendly cluster of distributed energy resources, loads and energy storage. It can operate in grid-connected mode or islanded mode (without NG) to improve power quality and network reliability. Modern approaches to microgrids promote autonomous control in a peer-to-peer and plug-and-play operation model for each DG on the microgrid [3] , [6] , [7] . The concept of peer-to-peer ensures there is no master controller or central storage unit that is critical for the operation of the microgrid; hence the microgrid will continue to operate with loss of any DG [1] , [6] . Plug-andplay implies that the DG can seamlessly operate when placed or mounted at any point in the microgrid network without reengineering the control scheme [8] .
In grid-connected mode, control measures are relatively easy to be implemented since voltage and frequency are regulated by the utility grid for loads within the microgrid; whereas in islanded-mode voltage and frequency must be actively controlled for the continuous and stable performance of the network [7] , [9] . In order to balance generated energy with demand in a microgrid, renewable energy generation are often supplemented with dispatchable resources such as energy storage system (ESS) and local auxiliary generation (AG) [7] ; absence of such resources can result in the possibility of stressing the inverter-based sources leading to excessive voltage rise due to over-modulation, yielding poor power sharing and circulating current among the inverters that can harm the switching components and result in overloading and excessive total harmonic distortion (THD) on the ac-side [6] , [10] - [12] .
In islanded network, DGs as well as fossil-fuel sources must be able to operate autonomously in balancing generation and demand, voltage and frequency regulation, cost minimization, while ensuring system stability [13] - [16] . The droop-sharing scheme is usually employed in a microgrid for voltage and frequency control between the available DGs, this scheme adopts an autonomous load sharing approach, where each connected DG uses their local parameters for accurate load sharing. Therefore droop method provides higher flexibility and reliability when compared to master-slave techniques [2] , [17] , [18] .
It is noted that in a microgrid, most line can be mainly resistive. In these cases, two main methods are proposed in literature: (1) it is shown in [18] , [19] that in resistive lines, droops are active power-voltage and reactive power-frequency slopes. (2) Yixin et al. [19] - [21] proposed a method called "virtual impedance" to reduce the coupling between real and reactive power flow in low-voltage distribution network due to non-trivial feeder impedances. Both approaches are applicable to the method proposed in this paper. However, this paper considers the classic active power-frequency droop in order to emphasise that the method is not limited to resistive microgrids. Moreover, inductive microgrid is studied in many literatures such as [10] , [12] , [16] , [22] - [24] .
Different aspects of droop control have been investigated in different references such as [1] , [6] , [13] , [14] , [20] , [25] to curb the drawbacks with droop-based control, i.e., instability issues due to sudden load perturbation, poor transient response, inaccurate load sharing, steady state error of voltage and frequency [26] . Majumder et al. [13] proposed the angular droop method to perform load sharing with minimum frequency variation; real power droop coefficient can thus be chosen depending on the maximum/minimum value of load demand and load sharing ratio [13] . Numerous researches have also been carried to improved droop sharing scheme while maintaining a relatively steady frequency and voltage [13] , [25] - [28] . For example, Marwali et al. [29] highlights the droop control and average power control via two independent control variables on each DG for accurate sharing of active and reactive power, hence eliminating the sensitivity of the droop method to measurement error and wire mismatches. Luo et al. [28] proposed a three stage mutually interactive droop scheme based on dc link voltage variation, for power regulation between the DG and the ac bus. The scheme operates by the introduction of a power offset to the calculated power from the conventional droop scheme, in order to modify voltage reference to the inverter. The scheme was tested to show power balance based on variation in load without consideration for scenario when demand exceeds generation.
Modern approach towards improving the flexibility and reliability of the microgrid favours a hybrid DG networks (compromising of renewable sources, ESS and fossil-fuelled AG), with adaptive hierarchy controller schemes employed for power conditioning and management [3] , [17] , [30] . However, the systems studied in these literatures do not include an AG whereas in any practical microgrid a fossil-fuelled AG is necessary to supply the critical loads in case of shortage of energy. It is noted that the role of the AG is not similar to that of a master unit (in a master-slave paradigm) since unlike in a master-slave control, the operation of other units are not dependent on the AG. The ESS often provides power deficit compensation when all connected DG are fully utilized, with droop techniques employed for accurate load sharing. For example, in reference [30] the frequency droop was regulated using power reference from the ESS. The approach presented in [30] relies mainly on proper understanding of the state of charge of the battery in defining operating conditions for charging the battery and for load sharing. However, the current paper considers networks without battery storage (in order to comply with current UK regulations on distributed PV systems). Moreover, unlike in previous literatures, the control of an AG is presented and the droop gain is properly tuned to minimize the energy required from the AG. Divshali et al. [16] proposed a complex multi-stage optimization scheme to minimize fuel consumption in microgrids. Beside the fact the proposed method in [16] is very complex, it does not consider the intermittent nature of renewable-based DG units which is a common issue with all of these studies. This drawback is illustrated in Fig. 1 .
The conventional static active power-frequency (P-f) and reactive power-voltage (Q-V) droop sharing scheme (shown in Fig. 1 ) sets a fixed frequency/voltage droop gain irrespective of the available energy from the renewable source. The frequency thus only changes due to load change; it is constrained within the allowable frequency droop gain [14] . In such cases, a drop in the available power of one of the DG from P 1 to P 1 (e.g., due to a reduction in solar irradiation) will shift its frequency (f) to a new operating point (f * ). Since the other DG must comply with the new operating frequency (f * ), its power reduces from P 2 to P 2 (even though it might have the capacity to generate more power).
In order to mitigate this problem Fazeli et al. [7] and [22] , [31] proposed a droop scheme for wind turbine generation to control local demand. Besides the fact that the method was proposed only for wind generation, the stability analysis of the scheme was not presented while the authors admitted that the method may affect the system stability.
The current paper proposes a dynamic droop scheme for photovoltaic (PV) systems. The proposed scheme uses the PV array's current versus voltage characteristics in defining an operating range for the inverter-based source to ensure an efficient load sharing interaction with other DG(s); as the dc link voltages varies due to varying irradiance of solar energy. The practical and theoretical stability of the proposed method is also investigated for one DG unit. This study will be based on PV sources but it is necessary for all renewable energy sources, i.e., wind, wave, etc.
To the best of our knowledge, there is no prior work that precisely focuses on the intermittent nature of the renewable source(s) in configuring the droop scheme, i.e., droop gain sensitive to source variation, in order to minimise the energy required from an AG. This is especially useful in cases where ESS is not allowed, hence energy support is often provided from utility side or a centralized AG within the microgrid. Fig. 2 shows a microgrid network in islanded connection with three-phase inverter-based DGs (DG 1 , DG 2 ). The power electronic controller (PEC) is used to control the flow of energy from local AG using local information from the DGs. This study aims to analyze the load sharing interaction between these DG sources in the islanded microgrid network.
II. MICROGRID NETWORK UNDER STUDY
The three phase inverter-based sources above are pulse width modulation (PWM) controlled with PQ, voltage and current controllers. The traditional PQ controller uses the droop scheme (f versus P and V versus Q) to autonomously respond to changes in connected loads.
In the absence of maximum power tracking, the PV operating point is usually determined by the ac-side load demand; hence the dc link voltage (V DC ) will be perturbed continuously from the minimum operating voltage (V DC−min ) to the PV array's open circuit voltage (V OC ) as the irradiance level or load varies.
The proposed dynamic droop scheme uses the variation in irradiance (i.e., V DC ) in conditioning the conventional droop scheme for an efficient load sharing while constraining V DC within V DC−min to V OC (since inverter output voltage, V inv ≈ 0.5DV DC for a three phase system, where D is the modulation index [6] ). This will involve a linear approximation of the PV maximum power point characteristic curve and the subsequent droop gain tracking of irradiance variation within the DG's operating zone.
The current study does not consider reactive power sharing; hence reactive power compensation control is not considered in the AG control scheme [32] . 
A. Inverter Operating Zone in DG Application
The mathematical model of a PV array is described in [33] with P-V characteristic shown in Fig. 3 . It was also shown in [10] and [34] that a three-phase inverter (with sinusoidal PWM) can averagely be modelled using d-q frame transformation techniques:
where V dq is the d-q frame park transform of the ac bus voltage, D dq is the modulating index (in d-q frame) and V DC is the dc link voltage. When there is a reduction in solar irradiance level (hence decreasing V DC ), D must increase to maintain (1) . At D = 1; a constant V dq depends solely on V DC . Further reduction in V DC due to irradiance perturbation will reduce V dq . Generally V DC perturbs in response to irradiance level and demanded load. Hence, in order to accurately control ac bus voltage (V dq ), minimum dc voltage V DC−min must ensure (1) while D = 1; e.g., for a nominal RMS 240 V DG(s) system explained in Section II, V DC ≥ 678.8-V (i.e., operating point limit with modulating index, D = 1). Thus, the PV array must be designed such that the dc voltage of the maximum power at a small irradiation (say 0.05 per unit (p.u.)) = V DC−min = 678.8 V (see Fig. 3 ).
B. Conventional Static Droop Load Sharing Scheme
Using droop control, two or more parallel wired DGs can be controlled to deliver the required real and reactive power. In published droop schemes, two systems independent parameters are controlled to achieve load sharing with minimal communication between the sources [6] , [13] , [17] , [30] . The real and reactive powers injected from the DG to the microgrid are sensed and averaged; the resulting signals are used to adjust the frequency and voltage amplitude of the DG [6] , [14] , [20] . The averaged real and reactive power (P and Q) of the DG(s) (deduced in [6] ) shown in Fig. 2 is given below:
Equations (2) and (3) show P varies with the phase angle difference (ϕ) between the inverter output voltage (V) and the common ac bus voltage (V t ) while Q varies with the amplitude difference (V − V t ), where X is the output reactance of the inverter.
The P-ω and Q-V droop are strictly computed to ensure that accurate load sharing is possible without a significant steady state frequency and voltage drop across the overall system [14] .
The droop block (defined by ( (4) and (5)) is used for proportional sharing of P and Q; where P varies with system frequency and Q with system voltage Fig. 4 )-which ensures the desired proportional power sharing based on the DG's rating (i.e., P rating and Q rating ) [13] , [23] , [29] . Using (4) and (5), it was shown in [6] , [13] :
A problem arises if the available energy of one DG is not enough to meet the demanded load. A new frequency operating point will surface, which forces all other DG on the network to its new operating point irrespective of the generating capacity of the other DG(s) as shown in Figs. 1 and 3 . In other words, a drop in generation of one unit (due to a reduction in irradiation) causes reductions in all the other units' generation (see simulation results in Fig. 8 ). The shortage of supply is compensated by the energy stored in the dc-links' capacitors (or a local energy storage) which causes a drop in the dc link voltage. Hence, the dc-link voltage (or the energy level of the energy storage) can be used to trigger an AG via a power electronic converter (PEC) to compensate for the shortage of energy. It is noted that since the other DGs are forced to reduce their generation, the energy demanded from the AG will not be optimized. This is due to the insensitivity of a static droop control to the input solar energy (see Fig. 8 ).
C. Proposed Dynamic Droop Scheme
This section proposes a dynamic droop control in which the droop coefficient varies as solar irradiation changes without the need to measure the irradiation. The method also ensures that the maximum power from each unit is generated if required by the load. Fig. 3 depicts the PV curve of a DG as irradiance level varies. When available solar power is more than the load power, the system operates normally within its operating zone (right hand side of curve B). As solar irradiation (S) drops, the DG will continue to supply the load, until the available solar power is not enough to meet the demand (point O); AG is thus triggered on (when V DC becomes less than a threshold) to compensate for the shortage in power.
The maximum power of a PV system varies according to S. In order to increase the efficiency of droop controlled PV systems and ensure proportional load sharing, the maximum power curve for various level of S can be used to define a reference for the droop gain. The maximum power points curve (curve B in Fig. 3 ) of the PV array can be accurately approximated by (7) [10] (shown in Fig. 5 ):
where a, b, c, and d were deduced using the MATLAB "polyfit" command, V DC is calculated from the P pv − V pv characteristics of the array (as given by the PV manufacturer). The operating zone is the area specified by V DC−min , P PV−rated and V OC in Fig. 5 . As S drops, the operating point (for a given load) moves towards the P DC−max curve (see Fig. 5 ). At the intersection of P Load and P DC−max (point O), for any reduction in S, the AG is turned ON (when V DC becomes less than a threshold) to compensate for the shortage of energy. In cases with conventional static droop, drops in S of one unit causes reductions in power output of all other units (to comply with the new operating frequency), regardless of their available generation capacities. As a result, more energy will be demanded from AG. To solve this problem, the droop gains must vary according to the maximum power point curve of their associated PV array (i.e., P DC−max ):
where n is number of PV array = 1, 2, . . . , N. Although (7) can be used in denominator of (8), it will impose an unnecessary complexity. After all, it is only needed to have an inverse relationship between m p and V DC (which in turns varies with S). So (7) can be approximated as P DC−max ≈ kV DC + c where, k and c are constants which are used to get a linear approximation of (7) . Please note that the idea is to make the droop mechanism sensitive to the available solar power. However, since droop mechanism is based on the relative ratio between units, it is not necessary to use (7) and a linear approximation of it works satisfactorily. This equation describes the simplest maximum power point tracking method explained in literature [35] . Droop gains must still be proportional to the rating of their associated units. Therefore, (7) is approximated for each PV unit as:
where k n and c n are gains to get a linear approximation of the P DC−max (i.e., (7)) of the nth PV array. Therefore, the allowed frequency variation will be:
Doing so, when S is the same on the units, the load is shared proportional to their ratings which is the same as conventional units (see result in Fig. 8 ). However, any reduction in S of one unit (e.g., unit 1 in Fig. 7) , does not force the other units to reduce their generation as m p is now sensitive to V DC . Moreover, as illustrated in Fig. 7 , the other units will increase their generation through reducing m p (provided that enough S is available) to compensate for the power reduction from the first unit. This significantly reduces the energy demanded from AG compared to conventional static droop method (see Fig. 9 for results).
D. Three-Phase System Control Scheme
The diagrammatic description of the control scheme of each inverter-based DG can be approximated using the direct PI control approach (i.e., ignoring feed forward path for axis decoupling) as shown in Fig. 6 . Synchronous reference frame parameters are generated using the Park and Clarke transforms. The droop block is used for accurate sharing of P and Q; where P varies with system frequency and Q with system voltage, where b = 1.5 for a three phase system. The low pass filter (LPF) is used to deduce average values of P and Q respectively. The voltage controller regulates the terminal voltage and generates reference for the current controller [9] , [17] , [27] , [36] , [37] .
A voltage feed forward approach was employed in the current controller to combat bus voltage disturbance and for voltage drop compensation; with the bus voltage used as reference. Compensation terms are added to erode coupling effects. The current controller generates the control signal for the PWM. Fig. 8 . Simulation results of two DG systems using conventional static droop (a) active power in p.u., 1-P L oad , 2-P 1 , 3-P 2 , 4-P au x , (b) available solar power in p.u. 1-P a 1 , 2-P a 2 .
Hard limit block sets the current limit to protect the system from over current (i.e., restrict the upper and lower limits of allowable reference voltage). The d and q components are controlled independently, where "d" regulates active power (P) and "q" regulates the reactive power (Q) [37] , [38] .
The dynamics of the control scheme depends mainly on the bandwidth of the PQ controller, since the bandwidth of the current and voltage controller are much higher than that of the PQ controller [37] . The instantaneous active and reactive power is given by Fig. 9 . Simulation results of two DG systems using the available solar power for dynamic load sharing (a) active power in p.u., 1-P L oad , 2-P 1 , 3-P 2 , 4-P au x , (b) available solar power in p.u. 1-P a 1 , 2-P a 2 .
LC filter is interfaced at the output of the inverter to reduce switching harmonics of the output voltage (THD < 5%); filter parameters were chosen as discussed in [10] .
E. AG Control
The dc link voltage of DGs is an indicator for regulating the AG (see Fig. 2 ). When the dc link voltage of either DG decreases below a threshold (here 0.85 p.u.), AG is switched ON to compensate for the energy shortage in order to maintain the demand power. The AG reference power (see Fig. 2 ) is:
The proposed method in this paper studies the active power sharing not reactive power. Thus the PQ control scheme was (12) . The load reactive power is shared appropriately using the classical Q-V droop.
III. SIMULATION RESULTS
The test model consists of two DGs and one AG feeding a three-phase load. Each DG has its own control scheme as shown in Fig. 2 and the load sharing scheme is simulated for both conventional static droop gain and the proposed dynamic droop gain.
Various testing scenario were observed in MAT-LAB/SIMULINK to analyze the test network depicted in Fig. 2 . Note that all results are presented in p.u. based on the total system rating (not each PV system).
A. Conventional Static Droop Scheme
Conventional static droop load sharing was tested for two PV DG sources shown in Fig. 2 , with droop gain set by (4) and (5) using values for P rating1 and P rating2 given in Table I .
The result in Fig. 8 shows load sharing between the DGs where solar irradiation of DG 2 drops in 4 steps and the load is constant at 0.75 p.u. up to 20 s, the load is appropriately shared based on their rating since the available solar power (P a1 and P a2 ) on both systems is the same (i.e., 1 p.u. based on their own ratings). However, as the available power in DG 2 (see Fig. 8(b) ) drops due to drops in irradiance level, its frequency changes to a new operating point resulting in a reduction in power contribution to the load (see Fig. 8(a) ). Therefore, DG 1 complies with this new operating point and reduces its power contribution (see Fig. 8(a) ) although its solar irradiance is constant (see Fig. 8(b) ). As a result, the total generation becomes less than the load which leads to reduction in V DC . When V DC < 0.85 p.u., the AG is turned ON to supply the shortage (according to (12) ). It is important to note that over the entire simulation the total available solar power (P a1 + P a2 ) > P Load , i.e., there should not be any need for AG. Hence it can be seen from the simulation results that the conventional droop scheme does not make an optimized used of an AG.
B. Proposed Dynamic Droop Implementation
The simulation was repeated with droop gains set by (10) using the available solar power for load sharing. Fig. 9(a) shows that the power is shared appropriately (i.e., based on rating) when the solar irradiances are the same. As the available power on DG 2 begins to reduce, its droop gain increases which in turn reduces the power contribution of DG 2 to the overall load. However, the droop gain of DG 1 proportionally reduces to compensate for the power drop in DG 2 (since DG 1 has extra capacity to compensate for DG 2 ). The DGs are hence within their "operating zone," since DG 1 compensates for the power reduction in DG 2 without the need for the AG (power contribution from AG = 0 as shown in Fig. 9(a) ). The flexibility of the proposed scheme ensures complementary energy support between the DG(s)-for instance at time 30-40 s, the DG(s) fully supply the demanded power since the combined total available power (0.86 p.u.) is more than total load (0.75 p.u.).
The dynamic droop when compared with the conventional droop scheme saves energy, since DGs compensate for one another which minimize the energy demanded from AG.
C. Simulation Results With Real-Time Solar Irradiance Variation
The proposed scheme was also tested using real-time solar irradiation profile measured at the College of Engineering Swansea University, Swansea, U.K., (at 51.6100 northern latitude and 3.9797 western longitudes) as shown in Fig. 10(a) . Fig. 10(b) shows that the contribution of DG 1 is reduced as DG 2 reduces when conventional scheme is employed; hence more energy support is required from the AG. Compare to the proposed scheme in Fig. 10(c) where the DGs compensate for each other and thereby provides energy saving from AG. Fig. 10(d) shows the AG energy profile of the conventional and dynamic droop scheme. It can be seen that the proposed scheme provides energy saving up to 74% compared to the conventional droop sharing scheme for the data set studied.
IV. STABILITY ANALYSIS OF THE PROPOSED SCHEME For a linear stable operation the modulation index D must be kept less than 1. This section investigates the effect of the variation of p-f droop gain (m p ) on the operation of a threephase inverter. It has been shown in various literatures [12] , [16] , [37] , [40] that the dynamics (low-frequency poles) of the DG is mainly determined by the bandwidth of the droop power sharing control model shown in Fig. 11 . However, in order to ensure completeness, this study will be based on the entire linearized state-model of the DG Fig. 10 . Simulation results of two DG systems using the real-time solar data (a) available solar power in p.u. 1-P a 1 , 2-P a 2 (b) active power using conventional droop in p.u., 1-P L oad , 2-P 1 , 3-P 2 , 4-P au x , (c) active power using proposed dynamic droop in p.u., 1-P L oad , 2-P 1 , 3-P 2 , 4-P au x , (d) AG Energy profile for Conventional and Dynamic droop in p.u., 1-conventional droop, 2-proposed dynamic droop.
Equations (4), (5), (11) , and (13) are combined and linearized around an operating point:
The output of the power droop controller (v(t)) is transformed to d-q components to yield V * qd for the voltage controller [13] : Using Clarke transform, v(t) can be rewritten as:
Parke transformation representation equals:
V * dq is linearized and simplified using (14) and (16):
The DG plant model is described by:
where ΔD dq from Fig. 11 is given as: Equations (14) and (17)- (19) are combined to yield: Hence, all the state variables in (20) can be merged to deduce the linearized complete state-space small signal dynamic model of the DG in Fig. 6 interfaced to a common reference frame (as shown in [12] , [13] , and [24] ): where Q = V q = 0, L i is the filter inductance, L g is the line impedance, C f is the filter capacitance, F is feedforward gain term for the voltage controller, K-terms are the proportional and integral gains of the current and voltage controller, Δ implies a small perturbation around the operating point. The angular perturbation (δ 0 ) in the reference frame is considered to be very small in this study, i.e., δ 0 0.
The open loop poles of the system are the eigenvalues of matrix A. Hence the stability of the inverter can be analyzed as the droop gain changes using matrix A.
A. Variation of Open Loop Poles for Different Active and Reactive Powers
The system has five pairs of complex conjugate open loop poles. There are four pole pairs far to the left from the imaginary axis whose dynamics has minimal effect on the stability (hence not shown in Fig. 12 ). It can be seen that as contributed power (p) reduces, two poles moves towards instability (towards the jω axis). The system poles were also observed as q, n q and V DC changes. Variation in either of them does not influence system open loop poles. V DC was set to V DC−min to account for the worst case scenario when D = 1.
B. Variation for Different m p
As discussed, the open loop poles moves towards instability as active power p reduces. So in this section in order to study the worst case scenario, p = 0.05 p.u. while m p varies from 0.11 to 0.13. Fig. 13 has five pairs of complex conjugate poles. Four pole pair is far to the left (not shown) whose dynamics has minimal effect on stability and they move away from the imaginary axis as m p increases. The other pair, shown in Fig. 13 , moves towards instability as m p increases, and crosses the imaginary axis at a certain value (m p−limit = 0.122).
Therefore the system's eigenvalue moves towards instability for large f-P droop gain. For m p greater than m p−limit , system becomes unstable as shown in Fig. 13 .
A drop in V DC due to a decrease in irradiance level causes an increase in droop gain (m p ) to reduce the power contribution from the DG. On the other hand, a reduction in V DC also increases the modulation index D to comply with (1) . D is limited to 1 where V DC = V DC−min (see Fig. 14) . This point defines a practical stability limit for m p (m p−max ) where using (1): V DC−min ≈ 2V d ; hence using (8) and (9), m p−max for the nth PV systems is: Therefore, it can be concluded that m p−limit m p−max which is illustrated in Fig. 14 . Note that m p−max−n is the practical limit that the droop gain can be reduced to. This happens when the solar irradiation is very low and V dc = V dc−min , D = 1.
This study demonstrates that the practical stability limit which is imposed by modulation index of the inverter is much less than the theoretical stability limit which is imposed by a very large droop gain m p . In other words, the dynamic droop method does not add a further limitation on the operation of an inverter-based unit.
V. CONCLUSION
Dynamic droop load sharing based on the available solar power was studied in this paper. The proposed dynamic droop scheme was validated in MATLAB/SIMULINK. Simulation results show that the proposed dynamic droop based on the available solar capacity of DGs can be used for optimum load sharing.
The presented scheme was validated for multiple PV array with various irradiance conditions, and it was shown that power sharing is proportional to the units' ratings when the irradiance levels are the same. However, if the solar available power on one PV array drops, the other inverter-based sources can generate more power (if the capacity is available) to compensate for the load demand, without the need for energy support from local connected AGs and thereby providing significant energy saving compared with conventional static droop control. The scheme was also validated with real-time (measured) solar irradiation.
A stability analysis was also presented to determine the theoretical and practical stability limit of the proposed scheme.
It was shown that the dominant low-frequency eigenvalues of the system are mainly influenced by the parameters of the active power controller (i.e., the frequency-droop gain, m p ). It was also demonstrated that the proposed dynamic droop will not make the system unstable as the practical stability limit (which is defined by modulation index D = 1) is much less than that which is defined by a very large f-p droop gain.
